Photolysis of acetylene has been performed by vacuum-ultraviolet excitation with the synchrotron radiation via the Rydberg states converging to the first ionization potential ͑IP͒ at 11.4 eV. Only the visible fluorescence of the ethynyl radical was observed in the Ã 2 ⌸ -X 2 ⌺ ϩ system. Excitation of several Rydberg states of acetylene over a large energy range between 9 and 11.4 eV allowed us to observe for the first time the evolution of this continuum with increasing Rydberg excitation. Intensity calculations based on accurate ab initio potential energy surfaces of C 2 H were performed by using a one-dimensional model accounting for the large-amplitude motion of the H atom around the C-C bond and for the overall rotation of the radical. These calculations successfully reproduce the observed visible continuum ͑maximum at 500 nm and blue side cutoff at 400 nm͒ and bring new information on the distribution of the internal energy deposited in the fragment. For most excited Rydberg states, predissociation occurs in a rather low time scale, leaving the C 2 H fragment in the Ã state, vibrationally hot, mostly with significant excitation in the bending mode around the isomerization barrier.
I. INTRODUCTION
Acetylene is an abundant molecule in the interstellar medium and in comets. Its photochemistry is responsible for the production of many interstellar carbonated species, including carbon-bearing dust. Indeed, C 2 H 2 is considered as a reservoir molecule for the production of radicals such as C 2 H and C 2 , which, in turn, are involved in the complex chemistry of carbon, especially in the envelopes of carbonated stars. [1] [2] [3] [4] In the laboratory, photodissociation of C 2 H 2 has been the subject of numerous experimental investigations, by using resonance lamps, 5, 6 excimer lasers, [7] [8] [9] [10] [11] [12] [13] [14] and synchrotron radiation. [15] [16] [17] Most of these works have used the ArF excimer laser, with 193 nm photolysis wavelength, corresponding to the excitation of acetylene in the region of vibrationally excited levels of the trans-bent Ã 1 A u valence state. The general conclusion of these studies was that, although the molecular elimination channel leading to C 2 ϩH 2 is energetically open, the primary dissociation channel is C 2 H(X )ϩH, as shown, for instance, in Refs. 12-14.
On the other hand, not so many studies have been carried out in the excitation region between 8 and 11.4 eV by selectively exciting the Rydberg states converging to the first ionization potential ͑IP͒. This region exhibits much stronger absorption cross sections than the region of the Ã state 18 and therefore should be preferentially studied in relation to the vacuum-ultraviolet ͑VUV͒ galactic photodissociation of acetylene in the interstellar medium. A series of spectroscopic studies has revealed detailed information about the singlet Rydberg states and has shown that almost all of these states are more or less predissociated 19, 15 and consequently can be considered as doorway states towards dissociation.
Very recently, VUV lasers associated with the selective technique of kinetic-energy-resolved H fragment detection have brought new insight in the dissociation dynamics of this molecule, especially from its Rydberg states in the 10-eV excitation region. [20] [21] [22] These studies have revealed that predissociation occurs over a wide range of time scales, even within a small excitation energy range, and showed that at least two different dissociation mechanisms may occur depending on the excited Rydberg state and, moreover, within the same Rydberg state. Unfortunately, only a limited number of Rydberg states has been explored with this technique, due to the limited spectral range explored in the laser experiments of Refs. 21 and 22. In the present work, we have selected a large number of predissociative Rydberg states by using synchrotron radiation as a photolysis source, between 8 and 11.4 eV, and we have probed excited fragments by recording their visible dispersed fluorescence. In the region below the first ionization limit ͑11.4 eV͒, the following dissociation channels are opened:
C 2 H 2 ϩh→C 2 HϩH, ͑1͒
C 2 H 2 ϩh→C 2 ϩH 2 , ͑2͒
C 2 H 2 ϩh→CHϩCH. ͑3͒
The radicals C 2 H, C 2 , and CH can be produced in their ground state or in electronically excited states when these channels are energetically opened, provided they are not hindered by a potential barrier. No branching ratio has been measured for these dissociation channels in the excitation energy range below the IP. Nevertheless, the recent experiments based on H-fragment detection in the 10-eV region revealed efficient dissociation via process ͑1͒, 21, 22 as was observed in a lower-excitation-energy region. 23 Excitation above the IP leads to the same fragments, with additional open channels producing more electronically excited fragments. Results in this high-excitation-energy region will be shown in a forthcoming paper.
Preliminary results have been published recently and showed four typical fragment-dispersed fluorescence spectra following excitation of four specific Rydberg states, below and above the first ionization limit. 24 These experiments confirmed that only the excited C 2 H fragment is efficiently produced below the IP, leading to the observation of the Ã -X continuum emission spectrum of the ethynyl radical between 330 and 900 nm. A new feature was pointed out: the evolution in the emission spectral profile of this band as a function of excitation energy. This point is described in more detail here, on the basis of results obtained by systematically exciting a number of Rydberg states of different symmetries and vibrational excitation. Emphasis is made on the region of interest for astrophysics, which essentially concerns excitation of the Rydberg states below the first IP, and, more precisely, in the 10-eV region where detailed information has been obtained on the dissociation mechanism by H-fragment spectroscopy 21, 22 and by reactive collisions between two CH radicals. 25 Calculations of the visible emission of the excited ethynyl radical are also presented and are compared with the observed fragment fluorescence spectra.
II. EXPERIMENT
The experimental setup has been described in Ref. 24 . Briefly, photolysis of acetylene was performed by using the synchrotron radiation facility Super-ACO in Orsay ͑France͒. Two VUV beam lines were used: the first one ͑called SA63͒ is equipped with a 3-m monochromator and a 1800-groove/mm grating, leading to an average resolution of 1 Å. The second one ͑called SU5͒ is a very-high-resolution, highphoton-flux beam line equipped with a 6.65-m monochromator and a 2400-groove/mm grating with an average resolution of 12 mÅ. 26 Acetylene was either flowed or expanded into the vacuum chamber through a stainless-steel needle ͑100 m internal diameter͒ at a right angle with the VUV beam. The fluorescence signal was collected along the third direction along the axis of a silver-coated ellipsoidal mirror as shown in Fig. 1 .
Under operating conditions on the SA63 beam line, a background pressure of 10 Ϫ4 mbar was maintained in the chamber by two Leybold TURBOVAC 1000 turbomolecular pumps. Differential pumping achieved by means of a VARIAN V70 turbomolecular pump prevented us from using any window between the high-vacuum synchrotron line and the vacuum chamber. The dispersed fluorescence of the C 2 H fragment was recorded together with the C 2 H 2 absorption spectrum by using the SA63 beam line, with an average rotational cooling of 130 K.
Because of a better photon flux, the pressure conditions used with the SU5 beam line were rather different, and freeexpansion conditions could be achieved by using pure acetylene gas. Depending on the backing pressure behind the nozzle, different rotational temperatures were obtained in the interaction volume, down to 35 K. On the other hand, absorption spectra could not be recorded, due to the short ab-FIG. 1. Experimental setup: ͑1͒ light-beam 3-m monochromator ͑grat-ing:1800 groove/mm; 8 -25 eV͒; ͑2͒ differential pumping; ͑3͒ vacuum chamber; ͑4͒ ellipsoidal mirror; ͑5͒ sodium salicylate glass window; ͑6͒ photomultiplier tube; ͑7͒ bundle of silica optical fibers; ͑8͒ photomultiplier tube; ͑9͒ 0.27-m monochromator equipped with cooled CCD matrix detector.
sorption path in this experimental configuration. Only the total fluorescence action spectra shown in this paper were recorded under free-expansion conditions.
The isotropic visible fluorescence of the fragments was collected by an ellipsoidal mirror system coupled to a bundle of fused silica fibers ͑about 3000 fibers 1.25 m long͒, which guided the signal into an optical detector: either a photomultiplier tube ͑Hamamatsu R928͒, or a 270M Jobin-Yvon monochromator ͑0.27 m, 150-groove/mm grating, 13-nm resolution, spectral range 250-900 nm͒ equipped with a liquid-nitrogen-cooled charge-coupled device ͑CCD͒ matrix detector ͑256ϫ1024 pixels͒. The optical device for the fluorescence collection will be detailed elsewhere. 27 As shown in Fig. 1 , three types of measurements could be performed:
͑a͒ The absorption spectrum of acetylene has been recorded as a function of the exciting wavelength by a photomultiplier ͑Hamamatsu R928͒ installed behind a sodium salicylate-coated window that received the transmitted beam from the synchrotron line after one path through the interaction region. This spectrum ͑not shown here͒ was used to normalize the intensity of the dispersed fluorescence spectra shown below.
͑b͒ Fluorescence excitation spectra were obtained by scanning the beam-line monochromator wavelength, while the fluorescence of the fragments was collected by the second photomultiplier coupled with the optical fiber bundle ͑see above͒.
͑c͒ Dispersed fluorescence from the fragments was recorded in the 330-900-nm region when the optical fibers were coupled to the Jobin-Yvon monochromator.
After variable exposure times ͑typically 5 min͒, the CCD image of the whole emission spectrum was averaged over the slit height ͑256 pixels͒ and transferred to a computer. Further data treatment was necessary, including cosmic ray and instrumental baseline removal and apparatus function deconvolution. The dispersed fluorescence spectra shown in this paper have been corrected correspondingly. These corrections allowed us to observe an increase of the emission signal between 700 and 850 nm, due to the onset of the infrared Ã -X system emission. The red-side quasicontinuum has not been reported previously, 5, 6, 16, 17 except for Ref. 25 .
III. EXPERIMENTAL RESULTS

A. Simulation of circumstellar conditions on the synchrotron SU5 beam line
From the microwave observation of the C 2 H shell around the ''IRCϩ10 216'' circumstellar envelope and from astrochemical models, photodissociation of acetylene occurs in the outer shell of this star envelope where collisions are almost absent and temperatures are as low as 30-50 K. In this outer region, the VUV radiation of the inner star is completely blocked by dense layers of dust, atoms, and molecules. 28 In the outer layers of the envelope, the density is low enough to allow the interstellar radiation field to penetrate and induce dissociation of acetylene. Because of the very high resolution of the SU5 line, the rotational temperature of acetylene in the interaction volume could be determined from the fluorescence excitation spectrum of the
ϩ ͑origin band at 125 nm͒. By varying the backing pressure of pure acetylene gas behind the nozzle, several temperatures could be determined by fitting the rotationally resolved profile of the G -X band as shown in Fig. 2 , ensuring a temperature condition similar to a circumstellar envelope. Such a temperature, combined with an almost noncollisional situation downstream from the molecular expansion, presents close similarities with the circumstellar diluted medium in the region where photodissociation by the UV and VUV interstellar radiation occurs. Nevertheless, the density of molecules in the interaction volume is still, by several orders of magnitude, higher than the average density encountered in the circumstellar medium. This is counterbalanced by the relatively high averaged photon flux of the dispersed SU5 light beam, as shown in Table  I . In this table, a comparison of average photon fluxes in the synchrotron experiment and in the circumstellar medium ͑the average interstellar field for 10-eV photons has been used here 29 ͒ is shown. In both cases a ratio of 10 photons per molecule is obtained. The photodissociation observed in the present work is thus obtained within irradiation conditions close enough to the outer circumstellar envelopes. On the other hand, while further photodissociation of the C 2 H radical occurs in the circumstellar medium in a time scale of 10 5 years, yielding to production of the C 2 radical and an H atom ͑the second step of the so-called sequential process͒, such a further photodissociation is highly unlikely to occur in our laboratory conditions: the first reason is that in the time interval between two synchrotron pulses ͑10 ns͒, a large number of primary C 2 H products have been ejected from the interaction volume. The second reason is that such a secondary process is not likely to be observable due to the rather low photon flux that leaves most of the acetylene molecules in their ground state ͑sequential processes have only been observed with much higher photon fluxes 30 ͒. Consequently, the only possible way of producing the C 2 ϩ2H fragments in our experiment is through one-photon VUV photolysis of acetylene with photon energies above the theoretical threshold for three-fragment production in their ground state, i.e., 11.05 eV. This means that in the excitation region below the first IP, C 2 radicals can only originate from the concerted process ͑2͒.
B. The mystery of the very short lifetime of the H 1 ⌸ u Rydberg state Figure 3 shows the high-resolution fluorescence excitation spectra for the two close-lying Rydberg states G 1 ⌸ u (4s) and H 1 ⌸ u (3d), taken with the SU5 beam line at a rotational temperature of about 130 K ͓panels ͑a͒ and ͑b͔͒. These spectra exhibit very different linewidths as already observed earlier: 22 the G 1 ⌸ u (4s) state has a lifetime longer than 10 ps and exhibits a rotational linewidth limited by the experimental resolution. The lifetime of the H 1 ⌸ u (3d) state has been estimated from the spectral linewidth of the 4-K VUV excitation spectrum observed by Löffler et al., 31 i.e., 103 cm Ϫ1 , corresponding to a lifetime of the order of 55 fs.
Löffler et al. mentioned that the H 1 ⌸ u (3d) 0 0 0 transition appears to consist of two broad components, the cause of which is not known. The 55-fs lifetime of this state was obtained from the whole peak width of 103 cm Ϫ1 .
Similarly our 130-K excitation spectrum of Fig. 3͑b͒ exhibits an asymmetric broad profile that cannot be explained by convoluting the H -X band rotational profile with an homogeneous linewidth of about 100 cm Ϫ1 . Such a predissociation broadening would indeed result in a symmetrical profile. The only possible explanation for the 4-K H-atom action spectrum profile of Ref. 31 as well as for our 130-K excitation spectrum is the presence of a nearby transition with intensity and bandwidth similar to the transition to the H Rydberg state. This is shown in the simulations of the rotational profiles shown in panels ͑b͒ and ͑c͒ of ͑ii͒ Two equally strong nearby transitions can occur in the same energy region either in the case of Rydberg transitions with equal oscillator strengths and comparable FranckCondon factors or in the case of a strong Rydberg-valence interaction.
Since all origin bands of the Rydberg transitions are well characterized in the 3dϩ4s Rydberg complex, 32 the only possible Rydberg transitions should involve vibrational excitation of the upper state. The only Rydberg candidate in the 80 500-cm Ϫ1 region is the F 1 ⌺ u ϩ , 3d 1 0 2 band, by assuming a 1 frequency of about 2840 cm Ϫ1 for the F state. If this transition cannot be completely ruled out, it is highly unlikely that a 2 1 Rydberg transition appears as strong as the origin band of the H 1 ⌸ u (3d) transition. The F 1 ⌺ u ϩ and D 1 ⌸ u Rydberg states are observed in the 76 000-cm Ϫ1 absorption region and exhibit strong Rydberg-valence mixing with the Ẽ valence state of bent geometry. 31, 33 Vibrational bands of these states involving one quantum of 2 also show a significant intensity, as for all Rydberg states. In addition, excited bending modes of the mixed-valence Ẽ state appear in the same spectra region. On the other hand, no observation of one quantum of 1 of the F -X system is reported from earlier absorption spectra. 19 Therefore, the assignment of the second component of the 80 450-cm Ϫ1 broad feature to the F -X 1 0 2 transition needs further evidence to be corroborated.
In addition, the H -X 2 0 1 band also exhibits a significant spectral broadening, suggesting that all the lowest vibrational levels of the H state undergo fast predissociation. Assignment of the second transition to the Rydberg F -X 1 0 2 transition does not bring any explanation to this fast relaxation process and raises a new question about the anomalous intensity of this second band.
The second hypothesis has the advantage of giving at least a qualitative explanation for the two following observations: accidental strong predissociation of the H state as compared to all other Rydberg states and appearance of an ''extra transition'' in the same energy region. The presence of an excited valence state almost degenerate with the H Rydberg state could indeed lead to a very strong electronic interaction with a near-50:50 mixing ratio. If the valence state involved in this mixing is a dark state, as expected from a doubly excited bent valence state, a share of intensity from the strongly allowed H -X transition with the approximate 50:50 ratio could result from such a strong interaction. The 10-eV energy region certainly involves several doubly excited valence states of bent geometry, most of them being very unstable towards dissociation.
A similar situation has been observed in the region of the gerade 3p Rydberg states that are partially mixed with the C Ј 1 A g doubly excited state. 34, 35 Ab initio potential-energy surface calculations are needed to check this last hypothesis and to characterize the dark state responsible for the fast predissociation of the H state. Since the nearby G 1 ⌸ u (4s) Rydberg state is not strongly affected by a similar mechanism, such a Rydberg-valence interaction involving only the H 1 ⌸ u (3d␦) must proceed through a conical intersection.
Accurate calculations are still needed to explain this accidental fast predissociation mechanism.
C. The emission spectrum of the C 2 H radical fragment
In the energy region below 11.4 eV, the total fluorescence action spectrum of the acetylene molecule ͑shown, for instance, in Refs. 16 and 24͒ is well structured and consists only of Rydberg series converging to the first IP. This action spectrum clearly shows the role of Rydberg states as doorway states towards dissociation in the excitation energy region relevant to the astrophysical photochemistry of acetylene.
The threshold energies for the H-removal channel C 2 H ϩH and for the concerted channel C 2 ϩH 2 are very close to each other, 5.7 and 6.3 eV, respectively. Since the visible fluorescence of the fragments is detected here, the concerted process could be readily observed through the spin-allowed Phillips bands around 500 nm, which was earlier assigned to the fluorescence of the ethynyl radical C 2 H from an unknown excited electronic state. 5, 6, 16, 17 Bergeat et al. have recently assigned this continuum emission to vibrationally excited bending levels of the Ã -X system of C 2 H, according to ab initio calculations performed on this radical. 25 In our experiment the same continuum appears and exhibits an intensity profile changing smoothly with increasing Rydberg excitation energy, as shown in Fig. 4 .
Earlier experiments have shown that the internal energy deposited in the C 2 H fragment follows the increase of the excitation energy of the acetylene molecule:
͑1͒ In the 193-nm photolysis of acetylene, corresponding to an excitation energy of 6.4 eV, below the lowest member of the Rydberg series, C 2 H fragments are produced in the X state, rotationally cold but with an extensive bending excitation.
14 ͑2͒ When the lowest Rydberg state of acetylene, namely the C 1 ⌸(3s) state, is excited, a very fast predissociation occurs as indicated by the very diffuse absorption bands associated with the C -X system. 19, 24 Recent ab initio calculations have shown indeed that the C state directly dissociates in a linear geometry, without any potential energy barrier, into the Ã state of C 2 H. 35 The Ã state of C 2 H is a low-lying state ͑approximately 4000 cm Ϫ1 above the ground state͒, giving rise to a strong emission spectrum in the 2.7-m region. 36, 37 This infrared emission corresponds mainly to vibrational bands of the linear-to-linear Ã 2 ⌸ -X 2 ⌺ ϩ system of the ethynyl radical. Unlike the higher Rydberg states from the same series ͓from the G 1 ⌸(4s) state up to the IP͔, no
visible fragment fluorescence appears in the C -state excitation-energy region. The fluorescence, due to a rather small amount of internal energy deposited in the fragment, is mainly localized in the near-infrared region not accessible both our fluorescence detection device. ͑3͒ With increasing Rydberg excitation energy, an increasing amount of internal energy is deposited in the C 2 H fragment, still in the Ã electronic state, as shown in the theoretical section below. Figure 4 shows for the first time the evolution of the 500-nm Ã -X continuum emission of this radical with increasing excitation energy in the Rydberg series of acetylene. All the spectra have been corrected by the detection efficiency curve and have been normalized to each other by dividing the fluorescence signal by a factor proportional to the integrated absorption peaks of the corresponding excited Rydberg state of acetylene. Panel ͑a͒ of Fig. 4 corresponds In order to describe the evolution of these emission spectra, the intensity ratio at two wavelengths, 500 nm ͑the maximum of the continuum͒ and 850 nm ͑the red limit of our detection and the onset of the near-infrared emission͒ has been roughly evaluated. In the lower-excitation-energy spectrum ͓Fig. 4͑a͔͒, a ratio I 850 /I 500 Ϸ2.4 indicates that the infrared emission of the fragment has most probably a significant intensity as compared to the visible emission. Then, except for the 9.98-eV spectrum. ͓Fig. 4͑b͔͒, there is a smooth decrease of this ratio down to 0.7 at 11.0 eV ͓Fig. 4͑h͔͒, indicating that most of the emission intensity has shifted towards the broad continuum centered at 500 nm. Actually, this ratio is somewhat indicative of the internal energy distribution in the ethynyl fragment and can be related to the internal energy distribution measurements recorded by H-fragment translational spectroscopy, 22 at least in the excitation energy region studied in Ref. 22 . This corresponds to panels ͑a͒ and ͑b͒ of Fig. 4, i. e., to excitation of the G and H origin bands, respectively. For both Rydberg states, the distributions observed by Löffler et al. consists of vibrationally excited stretching levels in the Ã state of C 2 H in the low-internal-energy range and a broad continuum distribution in the higher-internal-energy range. Formation of C 2 H with stretching mode excitation in the Ã state must lead to an infrared emission, as long as the bending mode is not excited, since both Ã and X states remain in the linear geometry with close and almost parallel energy potential surfaces. Formation of C 2 H with bending mode excitation in the Ã state, on the other hand, can lead to visible emission as explained in the theoretical section below. Figure 4 deserves two additional remarks: ͑i͒ First, a significant increase of the ratio I 850 /I 500 is observed in the emission spectrum from excitation of the H state ͓Fig. 4͑b͔͒ as compared to that of the G state ͓Fig. 4͑a͔͒: 3.6 as compared to 2.4. This trend indicates that internal energy distribution in the fragment formed from dissociation of the H state favors population of excited stretching levels as compared to dissociation from the other members of the Rydberg series considered here. This point will be discussed in Sec. V below.
͑ii͒ The intensity of the maximum of the continuum bump ͑around 500 nm͒ smoothly increases up to 10.89-eV excitation energy and then remains almost constant for higher excitation energies. Nevertheless, there is not a decrease of this intensity in the excitation range explored in Fig. 4 . This point will be also discussed in comparison with the calculations in Sec. V.
IV. THEORETICAL CALCULATIONS
A. Molecular orbitals and electronic transition moments
The two lowest-lying states of C 2 H possess a linear equilibrium geometry. These are the X 2 ⌺ 2 and Ã 2 ⌸ states, the last one being doubly degenerate. As long as the molecule is linear, we have two potential energy surfaces ͑PES͒. For bent molecular geometry, the ⌸ degeneracy is removed. This yields three PES, which will be denoted X 2 AЈ, Ã 2 AЈ, and Ã 2 AЉ in this work. Ab initio calculations of these PES have been presented previously 38 and were modeled by analytical forms. 39 It was shown that these three surfaces possess similar shapes. For each surface, there are two large potential wells corresponding to the linear structures H-C-C and C-C-H, and a C 2v saddle point ͑T shape͒ separating the wells. The energy gap between the surfaces is almost always below 1 eV for any nuclear configurations, except for the region of the isomerization saddle points where a larger gap is observed. This region is of primary importance here, because we want to understand the origin of visible fluorescence. Ab initio calculations of the isomerization minimumenergy paths have been performed. We used the Jacobi coordinates ͕r,R,͖, where r is the C-C distance, R is the distance between the H atom and the middle of the C-C axis, and is the angle between the directions defined by r and R ͑Fig. 5͒. Thus, appears as the natural reaction coordinate for the isomerization process. The other coordinates have been relaxed for each values of . The potential energy curves and the transition moments have been computed at the CASSCF/cc-pVTZ level. However, in order to get more reliable potential energies, CMRCI computations have been performed for the important points ϭ0°and ϭ90°, with the r and R coordinates having the values determined at the CASSCF level. Then the CASSCF energies for the intermediate values of have been scaled to the contracted multireference configuration interaction ͑CMRCI͒ energies. This procedure yields isomerization minimum-energy paths for which the error in the energy differences can be confidently assumed around 0.1 eV. All ab initio calculations have been performed with the MOLPRO package. 40 Figure 6 displays the ab initio potential energy points, along with a Legendre polynomial interpolation for each three curves. The energies of the isomerization saddle points are 0.995, 1.896, and 3.716 eV, respectively for the X 2 AЈ, Ã 2 AЉ, and Ã 2 AЈ surfaces, with the zero energy at the bottom of the X 2 AЈ potential well.
The ab initio electronic transition dipole moments are collected in Fig. 7 . These moments have been calculated in the inertial axis frame ͑Fig. 5͒, which was oriented in the following way. The x axis is the axis perpendicular to the molecular plane. Therefore, the AЈ-AЉ transition moments can have only the x component different from zero, while the AЈ-AЈ transition moment can have only y and z components different from zero. The y axis is parallel to the C-C axis when the molecule is linear or in a T shape. In other molecular configurations, the y axis will make a small angle with the C-C axis. This angle is always small because the mass of H is small. As shown in Fig. 7 , the most important transition moment is the X 2 AЈ -Ã 2 AЈ one, especially its y component. At ϭ90°, this last moment is 2.55 times larger than the X 2 AЈ -Ã 2 AЉ one. If we consider the fact that it is the square of the transition moment that contributes to the electronic transition probability, then we get a ratio of 6.5. Thus, only the X 2 AЈ -Ã 2 AЈ transition moment needs to be considered. It can be observed that this moment reaches its maximum value for the T-shape configuration (ϭ90°), while it is quite small for the linear configuration. This interesting particularity is directly related to the nature of the molecular orbitals ͑MO's͒. When the molecule is linear, the main electronic configurations for the X and Ã states are Because the y axis is parallel to the C-C axis in the linear case, we denote by 1 z and 1 x the two components of the MO 1. In C s symmetry, because the nonlinear molecule lies in the yz plane, z becomes aЈ and x becomes aЉ. In each of the electronic configurations, the first two MO's are mainly the 1s atomic orbitals of the carbon atoms, and the third MO is the C-C bond. These MO's do not change very much when the H atom moves around the C-C bond. Also, the 1aЉ ͑or 1 x ͒ MO does not need to be considered, because it is out of the molecular plane and does not mix with the other MO's. Thus we can focus on three orbitals, 451 z in the linear case and 4aЈ5aЈ6aЈ in the nonlinear case. Contour plots in the yz plane of these MO's are shown in Fig. 8 for the linear and the T-shape configurations. These orbitals are the natural molecular orbitals ͑NMO's͒ computed by the state-averaged CASSCF method. Let us remember that NMO's are obtained by the diagonalization of the oneelectron density matrix and the corresponding eigenvalues are the electronic occupations of the orbitals. In Fig. 8 , the MO's are displayed in order of decreasing electronic occupation. In the linear configuration, the occupations of the 451 z MO's are 1.98, 1.47, and 1.45, respectively. In the T-shape configuration, the occupations of the 4aЈ5aЈ6aЈ MO's are 1.94, 1.51, and 1.44, respectively. These fractional occupation numbers are averages that take into account all the electronic configurations included in the CASSCF functions of both electronic states. When the molecule is linear, the 4 and 5 MO's are mainly C-H and C-C bonds, while the 1 z MO is the C-C bond. Now, if the molecule bends, the mixing between the 1s atomic orbital of the H atom and the p y atomic orbitals of the carbon atoms tends to decrease, while that mixing increases with the p z atomic orbitals of the carbon atoms. As a result, these three MO's change drastically when goes from 0°to 90°, as shown in Fig. 8 . Now we may estimate the variation of the y component of the X 2 AЈ -Ã 2 AЈ transition dipole moment. In the linear case, the singly occupied MO is 5 for the X state and 1 z for the Ã state. Thus we have to consider the overlap of these MO's multiplied by y. This will give a zero contribution because that product is nontotally symmetric. This can be observed by looking at the contour plots of the MO in Fig.  8 . In the T-shape case, the singly occupied MO is 6aЈ for the X state and 5aЈ for the Ã state. Now, again looking at Fig. 8 , we may observe that the overlap of these two MO's, when multiplied by y, will give a large contribution.
B. Basis set for the bending and rotational levels of C 2 H
In this work, we do not aim at a realistic computation of the full Ã -X spectral system of C 2 H that possesses a high complexity, mainly due to the conical intersection. Rather, we focus on the hindered rotational movement of H around C 2 , because we make the assumption that this specific movement is at the origin of the visible emission. This hypothesis was ventured for the first time by Bergeat et al. 25 Therefore, the intramolecular dynamics of C 2 H has been modeled by using a simple model built with two rigid rotors. The C 2 fragment is represented by a rigid rotor, and another one represents the rotation of H around C 2 . The Hamiltonian of this system is
where  is the rotational angular momentum operator of C 2 , l is the orbital angular momentum operator for the movement of the hydrogen atom around C 2 , m H and m C are the masses of the hydrogen and carbon atoms, and M is the mass of C 2 H. The potential V() is expanded on a Legendre polynomial basis set:
Because the total angular momentum J is a good quantum number, it is convenient to compute the eigenvalues and eigenvectors of this Hamiltonian by using the coupled basis set:
where ͗l jm l m j ͉JM ͘ is a Clebsch-Gordan coefficient. The representation of H in this basis set is
where the matrix elements of the potential can be calculated with the Wigner-Eckart theorem, which yields
Let ͉␣JM ͘ represent the rovibrational state belonging to the electronic state ␣ϭX or Ã , with total angular momentum J. We expand these states on the coupled basis set according to
where the coefficients c ␣l j are the components of the eigenvectors obtained by diagonalizing the Hamiltonian matrix defined by the relation ͑8͒.
C. Ã -X emission intensity calculation
We may now proceed to the calculation of the total transition dipole moment between the X and Ã states. We have seen previously that only the y component of the electronic transition dipole moment needs to be considered. We have seen also that the y axis of the inertial frame makes a small angle with the C-C axis for any value of . Moreover, this angle is 0°for the particular case ϭ0°, 90°, 180°. Thus we used an effective electronic transition dipole moment ជ oriented along the C-C axis, with its length given by y , which is the y component of the ab initio electronic transition dipole moment. If we expand y on a Legendre polynomial basis set,
we may compute the matrix elements of the transition dipole moment by using the Wigner-Eckart theorem. We obtain, after summing on M and M Ј and on the three components of ជ in the space-fixed frame,
with
where the first 3-j Wigner coefficient enforces the usual selection rules ⌬Jϭ0,Ϯ1 and ⌬M ϭϮ1. The 3-j and 9-j coefficients have been computed with efficient numerical procedures 42 based on recurrence relationships well adapted to large values of angular momentum.
The Ã -X fluorescence spectrum can now be calculated, as soon as an initial rovibrational population is defined for the Ã state and the rotational quantum number J is defined. By using phase space theory, Löffler et al. 22 have shown that there is an important statistical contribution in the internal energy distribution of C 2 H after photolysis of C 2 H 2 . The central assumption of phase space theory is that all parts of phase space are assumed to be equally probable. In a quantum-mechanical formulation, this corresponds to an equal probability for all quantum states. Therefore, in our model restricted to the bending plus rotational motion of C 2 H, we used a very simple normalized population: all rovibrational states of the Ã state below the energy E max have a probability equal to 1/(E max ϪE A 0 ), where E A 0 is the minimum potential energy of the Ã state. Of course, below E A 0 and above E max , the probability is zero.
The estimate of the rotational quantum number J of C 2 H after the acetylene photolysis is difficult to extract from the present experimental data. Thus, several values of J and JЈ going from 0 up to 20 were used to compute the spectra. It was observed that the spectra do not change very much with the values of J and JЈ, the main features being always the same. Thus only the spectra obtained for JϭJЈϭ10 are presented.
The Ã -X spectrum was computed for several values of E max , going from below the energy of the isomerization saddle point for the Ã state up to the dissociation energy of C 2 H toward C 2 ϩH. The basis set used was defined by l max ϭ80 ͓see Eq. ͑11͔͒. This value was found to give a very good convergence for the rovibrational energies and wave functions up to 5.5 eV. In Eq. ͑8͒, we used the values R ϭ3.33a 0 and rϭ2.55a 0 .
The transition intensities calculated with Eq. ͑13͒ were multiplied by 4 ͑ denotes the transition frequency͒ in order to yield values proportional to the spontaneous emission intensities, and finally the stick spectra were convoluted with a Gaussian function of width 500 cm Ϫ1 , close to the spectral resolution of the experimental spectra of Fig. 4 above.
The calculated spectra presented in Fig. 9 exhibit two key features. First, a cutoff at 400 nm, which is quite independent of the maximum energy deposited in C 2 H. Second, the highest intensities are concentrated in the high-energy part of the spectra. When E max is equal or above 4 eV, the maximum intensity of the stick spectra is found at 460.7 nm. After convolution, this maximum appears around 475 nm. Let us discuss these features and see how they are related to the shapes of the potential-energy curves and the electronic transition dipole moment. The isomerization energy of the Ã 2 AЈ state is 3.716 eV above the X 2 AЈ state minimum. When the highest bending-energy level initially populated ͑given by E max ͒ is lower than the isomerization energy, a flat spectrum is observed. But for E max equal to 4 eV, a broad peak appears around 475 nm. This peak becomes higher and larger for E max equal to 4.5 eV and then no longer changes for higher values of E max , except for little changes in the shape. This behavior is a direct consequence of the Franck-Condon overlaps. Indeed, just above the isomerization barrier, the bending wave functions are slowly varying functions of in the area around ϭ90°because in this area, the kinetic energy is small. Obviously, this generates large overlaps between wave functions sitting just above the isomerization barriers of the X and Ã states. But when the kinetic energy increases even more, the bending wave functions become more and more oscillatory, and the Franck-Condon overlaps decrease. Therefore, the transitions between bending levels lying just above the isomerization barriers will be strongly favored as compared to transitions between other bending levels. Also, this specific increase of the transition intensities is enhanced by the electronic transition moment, which has its largest value around ϭ90°͑Fig. 6͒. Moreover, the density of states increases for bending energies just below and above the barrier, and then decreases for higher energies. Thus, a strong increase in the number of lines and in line intensities is expected when the transitions between bending levels lying just above the isomerization barriers of the Ã 2 AЈ and X 2 AЈ states are considered. The calculated energy gap between these barriers corresponds to 456 nm. This correlates well with the maximum intensity calculated at 460.7 nm. Finally, it can be observed that the intensities decrease for wavelengths greater than 500 nm but do not become negligible. This is because transitions between bending states lying below the isomerization barriers have a smaller but significant probability to occur, due to the overlaps of bending wave functions at turning points.
The lifetimes of the rovibrational states belonging to the Ã state with Jϭ10 have been computed by summing the Einstein transition probabilities for all possible transitions and inverting it. As shown in Fig. 10 , the lifetimes decrease from several microseconds at low energy to 4.2 ns at the energy of the isomerization saddle point. For higher energies, the lifetimes increase slightly and remain almost constant around 10 ns. However, because we used a rigid rotor model that does not include stretching movements and bond breaking, the calculated lifetimes around and above 5 eV are probably not realistic. Also, including the stretching movements in the model will greatly increase the number of transitions and thus certainly yield smaller lifetimes. Therefore, at any energy, the lifetimes presented in Fig. 10 can be considered as upper limits. The dependence in J was also investigated. For Jϭ1 and Jϭ20, the same behavior than for Jϭ10 was found. But for Jϭ1, the smallest lifetime was 27 ns, while it was 2 ns for Jϭ20. This decrease of the lifetimes is an obvious consequence of the large increase of the number of possible transitions when J increases.
It can be observed in Fig. 10 that below 3.7 eV, the energies of the rovibrational states are gathered in many groups. This is a consequence of linear equilibrium structure of C 2 H, which produces a doubly degenerate bending vibration. A detailed discussion on degenerate vibrations can be found in Ref. 43 . Let us remember only that the vibrational levels associated with the quantum number become degenerate ϩ1 times in the case of the harmonic bending potential, and that anharmonicity yields a partial splitting of this degeneracy. Therefore, each group of rovibrational states observed in Fig. 10 corresponds to a value of . It is more difficult to explain why the lifetimes increase slightly within each group of states, because a large sum on many dipole transition integrals enters in the computation of each lifetime. However, we should not pay much attention to this fine pattern of lifetimes below 3.7 eV because we are using a simple model that does not include stretching vibrations. Addition of the stretching vibrations will significantly modify the wave functions so that the gathering of lifetimes in many groups shown in Fig. 10 will no longer appear. On the other hand, the large variation from several microseconds down to several nanoseconds above 3.7 eV should not change very much.
It is worth noting that the calculated lifetime of Fig. 10 is almost constant in the internal energy range between 4 and 5 eV. As will be discussed below, this range corresponds most probably to the experimental conditions for observing the visible continuum fluorescence of C 2 H. The calculated lifetime of around 10 ns is much lower than the lifetime measured by Becker, Haaks, and Shurgers 44 and later on by Saito et al. 6 These measurements, performed in the emission region 440-600 nm, led to a lifetime of about 3-6 s. This discrepancy is not understood so far. The above calculations involve a fully allowed electronic transition, which would hardly give rise to such a long lifetime.
V. DISCUSSION
Important information can be drawn from the comparison between the experimental results of Sec. III and the calculations of Sec. IV. The aim of these calculations was to demonstrate that when a significant amount of bending plus rotational internal energy is deposited in the ethynyl fragment, then the following occurs.
͑a͒ Relaxation through a strong visible fluorescence is expected.
͑b͒ This fluorescence appears as a quasicontinuum emission because of the large density of emitting bending levels of C 2 H.
͑c͒ The maximum of this continuum evolves only slightly with increasing internal energy, around 475 nm. This wavelength is close to the experimental value of 500 nm.
͑d͒ This continuum presents a high-energy cutoff around 400 nm, characteristic of the potential-energy surfaces of the Ã and X states around the isomerization barrier.
This theoretical approach only considers the bending motion in the radical, since this motion is the only relevant to explain a visible Ã -X emission. In that respect, the calculated spectra remarkably reproduce the observed visible emission spectra shown in Fig. 4 . Indeed, the conclusions above, ͑a͒-͑d͒, perfectly agree with our observations. Because the stretching motion has been disregarded in these calculations, the increase of intensity towards the infrared region in the spectra of Fig. 4 is not reproduced in Fig. 9 . This means that internal energy is distributed among the three modes of the C 2 H radical. Whether this distribution is statistical or not cannot be answered here. A direct comparison between the experimental spectra of Fig. 4 and the calculated visible emission spectra of Fig. 9 is not possible because the internal energy deposited in the ethynyl radical is unknown in our experiment, unlike in the experiment performed by Löffler et al. 22 Nevertheless, the results from Ref. 22 are useful to draw an indirect comparison between the present experiment shown in Fig. 4 and the calculations shown in Fig. 9 . In Ref. 22 , the VUV excitation energy range is limited around 10 eV, and overlaps the excitation energy range scanned in the present work. In particular, excitation of the origin band of the G Rydberg state has been performed in both experiments: In our case this excitation leads to the dispersed emission spectrum of Fig. 4͑a͒ . In the case of the work by Löffler et al., it leads to the C 2 H internal energy distribution of Fig. 9͑b͒ in their paper. 22 Obviously, the spectrum of Fig. 4͑a͒ exhibits a bump in the 500-nm region and a cutoff around 400 nm. It also exhibits a significant and monotonic intensity rise towards the infrared, indicative of important excitation of the stretching modes, in agreement with the energy distribution of Fig. 9͑b͒ of Ref. 22 . According to the calculation of Sec. IV, shown in Figs. 6 and 9 above, this indicates that the maximum internal energy deposited in the fragment is already above 3.7 eV. Indeed, when internal bending excitation reaches the isomerization barrier of 3.7 eV, a broad maximum in the visible emission starts to appear, according to the above calculations. Since, in the case of the dissociation of the G state, the total available energy ͑kinetic energy plus internal energy of the fragments͒ is 4.2 eV, the spectrum of Fig. 4͑a͒ roughly corresponds, within an uncertainty of Ϯ0.2 eV, to the spectrum at 4 eV maximum internal energy of Fig. 9 .
It is worth noting that comparison with the Löffler et al. results 22 is also satisfactory for excitation of the H state described in Secs. III B and III C. The accidental very fast predissociation of the H state, described in Sec. III B is related to an internal energy distribution favoring population of the stretching levels of the C 2 H radical, as shown in Fig. 9͑a͒ of Ref. 22 . The H atom leaves the molecule with a larger kinetic energy and the C 2 H fragment remains linear with low bending excitation. The radiative relaxation will therefore proceed through infrared emission. This fast mechanism occurs in addition to the slower mechanism experienced by all other Rydberg states. Löffler et al. could distinguish between both processes by performing a polarization-dependent study of the H-fragment detection. 22 It is remarkable that in our study, which is not sensitive to polarization effects, the peculiar behavior of the H state towards predissociation, i.e., the pres-ence of a second fast channel, is indirectly detectable by the fragment fluorescence: this additional fast channel is undoubtedly represented by the intensity increase on the longwavelength side of the spectrum in Fig. 4͑b͒ as was mentioned in Sec. III C.
IV. CONCLUSION
The evolution of the visible Ã -X emission of the C 2 H radical has been recorded following VUV photodissociation of acetylene over a large range of absorption wavelengths resonant with the Rydberg series of C 2 H 2 converging to the first IP. Because of a very sensitive fluorescence detection device and a careful apparatus function deconvolution and normalization of the dispersed fluorescence spectra, complementary data could be obtained in order to better understand the formation of this very important radical for astrochemistry and combustion.
One-dimensional intensity calculations of this visible emission, based on accurate ab initio potential energy surfaces, agree remarkably well with the observed spectra. These calculations bring a consistent explanation for this unusual emission band for an electronic system in which only strong infrared emission was expected, due to the linear equilibrium geometry of the X and Ã states and to their small energy difference. In addition, they are based on a statistical internal energy distribution, which essentially accounts for the slow picosecond time scale predissociation mechanism. When a large amount of internal energy is deposited in the fragment, large-amplitude bending motion is excited above the isomerization barrier. Although the longstanding mystery about this C 2 H emission is now solved, a slight inconsistency remains about the lifetime of this emission. Further experimental measurements are needed to clarify this point.
This work demonstrates that all Rydberg states of C 2 H 2 experience in a very similar way this slow predissociation mechanism. Such a mechanism is typical of a predissociation by one or several dissociative electronic states whose potential-energy surfaces cross the manifold of parallel Rydberg potential-energy surfaces in the same way. On the other hand, the very fast additional relaxation experienced by the H 1 ⌸ u Rydberg state seems to proceed through a different mechanism. A conical intersection could affect the potentialenergy surface of this state and open a very efficient, linear dissociation channel. Further ab initio calculations of the acetylene excited states are needed to clarify this mechanism.
Above 10.6 eV, a new channel is opened, leading to the excited electronic B state of C 2 H. The B -X transition of this radical, observed by other techniques, 45, 46 lies in the near-UV range and is expected to have a rather weak intensity. We have unsuccessfully searched for this transition in the 250-400-nm region of the dispersed fluorescence spectra. The nonobservation of this transition does not rule out production of C 2 H in the B state, since our detection system was not very sensitive in this spectral region, and the B -X emission is expected to be weak. Further efforts should be pursued in order to characterize this channel.
The C 2 H radical has been observed in circumstellar envelopes through its microwave spectrum. It has not been observed in the infrared and in the visible range yet, neither in these envelopes nor in the cometary atmospheres, while its photoproduct C 2 has been detected in the visible range a long time ago. Because photolysis of acetylene must proceed essentially through the Rydberg states, the ethynyl radical should be detected in comets via a strong emission in the infrared as well as in the visible, provided these emissions are not hindered by strong bands of the abundant H 2 O species.
A final remark concerns the comparison of our results with the recent work of Bergeat et al. 25 These authors performed chemiluminescence studies on the products of the reaction CHϩCH. They observed the C 2 H product via the Ã -X visible continuum spectrum, which appears very similar to our bottom spectra of Fig. 4 . This is not surprising since the CHϩCH reaction can be considered as an entrance channel on the potential-energy surfaces of acetylene at an energy of 10 eV above the ground state. Nevertheless, they also observed, on top of this continuum spectrum, weak emission bands of the C 2 radical ͑d-a and A-X transitions͒ that do not show up in our spectra, although the excitation energies used in the present work extend to a higher range. The most probable reason is that the entrance channel to the excited potential-energy surfaces via VUV optical excitation leads only to the C 2 HϩH exit channel due to the presence of a high potential barrier for the concerted C 2 ϩH 2 dissociation channel. The reactive CHϩCH entrance channel may probe different regions of the potential-energy surfaces, leading to a small probability for producing C 2 with a lower energy barrier.
